ABSTRACT
Introduction
Recently, a wide-band gap semiconductor has been receiving much attention due to its electronic, optical and piezoelectric properties at the nanoscale, leading to a wide range of optoelectronic applications [1] [2] [3] [4] . The activity has intensified more recently because of the possibility that a wide-band gap semiconductor might be useful for spintronics or spin-base quantum computation [5, 6] . ZnO nanoparticles are among one of wide-band gap semiconductor that possess extraordinary electronic and optical properties useful for optoelectronic devices and UV lasers [7] [8] . The structure of ZnO nanoparticles is pivotal to the above potential applications. For example, it has been reported that the ZnO properties are heavily dependent on the size and morphology tailored by preparation conditions [9] [10] [11] [12] . Most of ZnO nanoparticles were prepared by several high temperature methods such as vapor-phase transport, vapor-liquid-solid growth, vapor-phase epitaxy and template-assisted techniques along with some low-temperature routes such as wet chemical reactions and electrochemical techniques [13] .
As grown, ZnO is almost always exhibits n type conductivity, with electrons in the conduction band as the charge carriers. The origin of this conductivity has been discussed for years and is still controversial. Traditionally, the nature of this conductivity has been attributed to native defects. However, Van de Walle [14] in his firstprinciples investigation, based on density functional theory suggested that the presence of hydrogen atom in ZnO can act as a shallow donor. This behavior is unexpected and very different from hydrogen's role in other semiconductors, in which it acts only as a compensating center counteracting the prevailing conductivity. The presence of hydrogen in the crystal-growth is not surprising and it is very difficult to avoid its incorporation into the sample during the process of the crystal-growth. However, almost all optoelectronic applications require the control of the conductivity from n-type to p-type. Therefore, we believe that understanding hydrogen properties in ZnO is necessary not only for the academic point of view but also for semiconductor applications.
In this paper we present information on hydrogen bonding and hydrogen concentrations in ZnO nanoparticles synthesized using wet chemical method. To obtain various concentration of hydrogen in the nanoparticles the mixture was dried at various temperatures. The influence of dry temperature on hydrogen bonding, structural properties and optical properties are investigated using Infrared absorption, X-ray diffraction and UVvisible spectroscopy. Infrared absorption measurements reveal six hydrogen-related local vibrational modes in the wave number range between 2800 -3600 cm -1 . Through our study, we attempt to correlate the structural and optical properties with the hydrogen incorporation in the samples.
Experimental
For the synthesis of undoped ZnO nanoparticles in this study ZnSO 4 ·7H 2 O, 25% aqueous ammonia or NaOH were used which are procured from Aldrich. All of the chemicals used are GR grade without further purification. Analytical grade ZnSO 4 ·7H 2 O from Aldrich was dissolved in de-ionized water to get final concentration of 0.1 M. In this solution 0.1 M of NaOH solution was added gradually until the final pH of solution reached to 13. The solution was then stirred at temperature of 80˚C for 30 min until a milky white solution was obtained. After the reaction process, the solution was washed several times with de-ionized water and anhydrous alcohol to remove the by-product sodium sulfate (NaSO 4 ). Then the solution was filtered. The mixture was aged at room temperature for 24 h. To obtain various concentration of hydrogen the mixture was dried at various temperatures (100˚C -600˚C) for 4 h. Some samples were annealed up to 800˚C for 4 h to remove hydrogen. In order to study the hydrogen bonding configuration infrared absorption measurements were performed using a Shimadzu Fourier transform spectrometer. The structural characterization has been carried out by using a standard X-ray diffractometer (Philips PW1710) with monochromatic Cu-Kα (λ = 1.54060 Å) radiation operated at 40 kV and 20 mA in the range from 10˚ to 80˚. The calibration of the diffracttometer was done using Si powder. The XRD patterns of the nanoparticles were verified by comparison with the JCPDS data. The average size of precipitate crystallites was estimated by using the Scherrer peak broadening method. Optical characterizations were carried out by measuring the diffuse reflectance spectroscopy. All spectra were taken in the range of 250 -800 nm using shimadzu UV-Vis spectrophotometer with integrating sphere attachment and spectralon reflectance standard.
Results and Discussion
The typical XRD patterns of the nanoparticles dried at various dry temperatures are shown in Figure 1 . Structural change occurring in our nanoparticles could be seen with increasing dry temperature. The spectra are almost equal to the typical XRD spectra of ZnO nanoparticles reported from other experiments [15, 16] (101) Copyright © 2011 SciRes. WJCMP become sharper and the full width at half maximum (FWHM) are slightly decreased with increasing dry temperature, indicating the enhancement of crystallinity. The average crystallite size and strain of ZnO samples were calculated from the XRD data using the equation [17] : β cosθ = 0.89 λ/D + η sinθ where λ, β, θ, η and D represent the wavelength of the X-ray radiation, the FWHM, the diffraction angle, strain and average crystallite size, respectively. Using this equation we find that the average crystallite size increases from 18 to 23 nm, while the strain is decreasing as a dry temperature increased from 100˚C to 600˚C (Figure 2) . The structure of the samples was further investigated using infrared absorption measurements. Infrared spectra for sample prepared in various dry temperatures are plotted in Figure 3 . Also shown is the infrared spectrum for the sample annealed at 800˚C for 4 h (curve e). For all spectra the background signal was subtracted from the original data. It is seen that the intensity of absorption peaks are decreased with increasing dry temperatures. In these spectral range six local vibrational modes at 2990, 3315, 3329, 3351, 3425 and 3572 cm -1 are observed. The peak positions were obtained by fitting the spectrum into six Gaussian lines (dash lines in the inset of Figure 3) . However, the annealed sample did not reveal any local vibrational modes. This clearly demonstrated that the six local vibrational modes shown in Figure 3 (inset) are due to the presence of hydrogen. The presence of hydrogen in the crystal-growth environment is not surprising and very difficult to avoid its incorporation into the crystal during the process of crystal growth [18] . Local vibrational modes between 2800 and 3100 cm -1 have been observed in a number of semiconductor such as amorphous silicon carbon (a-SiC:H) [19] , GaAs [20] , and GaN [21] . In these materials the local vibrational modes are assigned to symmetric and antisymmetric C-H stretching modes. Therefore, the local vibrational mode located at 2988 cm -1 should be due to the stretching mode of C-H.
The theoretical work conducted by Van de Walle [14] showed that hydrogen is a shallow donor in ZnO. In his work based on first-principles density functional theory he calculated the formation energies and lattice relaxations for interstitial hydrogen in wurtzite as well as zinc-blende ZnO. He found that H+ is most stable in a bond center site (BC) that is not parallel to the c axis. An O-H bond is formed, pointing along the original O-Zn bond. H+ could also be accommodated in the corresponding oxygen anti bonding site (AB o ). He also found that various configurations, in which hydrogen is located at a distance of ~1 Å from the oxygen host atom, are very close in energy. His results indicated that the strength of the O-H bond is the main driving force for stabilization of this configuration, while details of the hydrogen orientation and relaxations have only small effect on the energy. Although it is clear that H+ prefers to bind strongly with oxygen at a bond length of ~1 Å and with a local vibrational mode at 3550 cm -1 , the details is still a matter of discussion [22] . Jokela and Mc Cluskey [23] observed a local vibrational mode at 3326 cm -1 in samples provided by Cermet and attributed to hydrogen donor in anti bonding configuration, which is not aligned along the c axis. Experiment by Lavrov et al. [24] , on the other hand, revealed a different local vibrational mode at 3611 cm -1 in samples by Eagle-Picher. They assigned this local vibrational mode to hydrogen donor in bonding configuration, which is parallel to the c axis. Shi et al. [25] in their infra red absorption measurement on various ZnO samples demonstrated that the local vibrational modes at 3326 and 3611 cm -1 are revealed in different ratios of intensities depending on the type of the samples. They falso ound that the Eagle-Picher sample used by Lavrov et al. [24] show a strong local vibrational mode at 3611 cm -1 and a weak 3326 cm -1 , whereas Cermet sample used by Jokela and Mc Cluskey [23] showed exactly the opposite. These results indicated that there exist two forms of O-H in these two samples [25] . Studies performed later by Lavrov et al. [26, 27] [19, [22] [23] [24] [25] [26] [27] , we believed that our LVMs at 3315 and 3351 cm -1 assigned to hydrogenated Zn vacancy saturated with two hydrogen atoms, while the LVMs at 3329 and 3572 cm -1 associated with hydrogen donor in anti bonding configuration and hydrogen located at H-I* defect, respectively.
The deconvolution of the infrared spectra shown in the inset of Figure 3 assigns a partial absorption to each vibrational mode of a specific hydrogen configuration. The basis for a quantitative analysis of the bonded hydrogen in the material is that the integrated partial absorptions are proportional to the densities of the hydrogen configuration contributing to that particular mode. Figure 4 shows the integrated absorption of local vibrational modes at 3315, 3329, 3351 and 3572 cm -1 as a function of dry temperature. The integrated absorption decreased up to about 30% as dry temperature is increased from 100 to 600˚C. This suggests that the dry temperature limits the incorporation of hydrogen atoms bonded in the samples. The figure shows temperature dependences of integrated absorption at 3315 and 3351 cm -1 are proportional each other, which confirmed that our LVM at 3315 and 3351 cm -1 belong to the same defect as suggested by Lavrov et al. [24] . The integrated absorptions at 3329 and 3572 cm -1 are however, 40% -50% less compared to that of 3315 and 3351 cm -1 . It follows also from the figure that the integrated absorption at 3329 cm -1 anneals out with increasing dry temperature, whereas the integrated absorption at 3572 cm -1 tends to saturate at higher dry temperature. A similar observation has already been reported by Lavrov et al. [26] who performed infrared absorption measurements on hydrothermally grown ZnO. They showed that the hydrogen atom bound in H-I* defect is relatively stable, even after annealing at higher temperatures.
Optical characterization was carried out by measuring the diffuse reflectance spectroscopy. All spectra were taken in the range of 200 -800 nm. Figure 5 shows the diffuse reflectance spectra R as a function of wavelength for samples shown in Figure 1 . Since our samples are powder, the low reflectance values in our spectra indicate high absorption in the corresponding wavelength region. The data collected at room temperature showed a clear difference between the samples in the region of 350 -800 nm. The significance of this is more visible after applying the Kubelka-Munk function F(R) given by the relation F(R) = (1 -R) 2 /2R, where R is the magnitude of reflectance [28] . The optical gap (inset of Figure 5 ) was estimated from diffuse reflectance spectra by plotting the square of the Kubelka-Munk function F(R) 2 as a function of energy. To obtained the optical gap the linear part of F(R) 2 curve was extrapolated until it intersects the energy axis. The optical gap of ZnO dried at 100˚C determined by the above method to be 3.52 eV, which is higher than that for bulk ZnO (3.4 eV) [29] . The corresponding optical gaps are seen to be shifted to lower energies with increasing dry temperature. The corresponding optical gaps are seen to be shifted to lower energies with increasing dry temperature. The variation follows the strain data obtained from analysis of XRD patterns in a direct relationship indicating that the variation in optical gap is related to structural change resulting from variation of dry temperatures. The variation of optical gap in ZnO has been observed by several authors [30, 31] , who is explained that the change in optical gap on the basis of variation of the average particle size. This explanation is also consistent with our observation plotted in Figure  2(c) . However, Zheng et al. [11] found that the red shift in optical gap with increasing particle size may be related to the change in morphology. In addition they also showed that with increasing annealing temperature the band-edge absorption in ZnO nanoparticles begins at larger wavelength. They suggested that these results are due to the existence of more defect in the samples as annealing temperature is increased. Our results presented in Figure 4 demonstrated that hydrogen accommodate in H-I* defect as well as in Zn vacancy diffuse out of the samples with increasing dry temperature. These results suggested that more defects and vacanzies are created with increasing dry temperatures. Therefore, we believe that in our ZnO nanoparticles, the optical gap decrease not only due to the combine effect of strain and particle size, but also due to the incorporation of hydrogen in the samples. The presence of defect-hydrogen complexes in ZnO nanoparticles is one important aspect that has to be investigated further.
Summary
In summary, we performed X-ray diffraction, infrared absorption and UV-Vis measurements on undoped ZnO nanoparticles prepared using wet chemical methods. The X-ray diffraction resuts indicated that the synthesized ZnO nanoparticles have only the wurzite structure. Observed XRD pattern indicates strain in the ZnO lattice. Infrared absorption measurements revealed six local vibrational modes in the frequency range from 2800 to 3600 cm -1 . The local vibrational modes are located at 2990, 3315, 3329, 3351, 3425 and 3572 cm -1 . Annealing the specimen up to 800˚C resulted in out diffusion of hydrogen from the samples. After annealing of the samples all local vibrational modes disappeared. This clearly indicates that the local vibrational modes between 2800 -3600 cm -1 are due to the presence of hydrogen. By comparing our results with the results obtained from other researchers [19, [21] [22] [23] [24] [25] [26] [27] , we believed that the local vibrational modes at 2990 and 3425 cm -1 are assigned to symmetric and antisymmetric C-H stretching modes and hydrogen stretching modes in ammonia molecules, respectively. The local vibrational modes located at 3315 and 3351 cm -1 are assigned to hydrogenated Zn vacancy saturated with two hydrogen atoms, while the LVMs at 3329 and 3572 cm -1 are associated with hydrogen donor in anti bonding configuration and hydrogen located at H-I* defect, respectively. In the visible spectral range, diffuse reflectance data showed changes in the spectra and absorption edges with increasing of dry temperature. The significance of this is more visible after applying the Kubelka-Munk function [28] to estimate optical gap. The corresponding optical gaps are seen to be shifted to lower energies with increasing dry temperature. Observed decrease in the optical gap follows a decrease in strain and hydrogen content in the samples, indicating that such decrease in optical gap could be related to the hydrogen incorporation in the samples.
